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Anterior cruciate ligament (ACL) re-injury rates are high in collegiate athletes, and doubleleg squats are commonly used following ACL reconstruction (ACLR). The purpose was to
quantify the correlations between the medial-lateral shoulder/hip kinematics and bilateral
kinetic asymmetries during double-leg squats in collegiate athletes at two assessments.
Seventeen collegiate athletes performed three double-leg squats 0-6 months and/or 6-12
months following ACLR. Medial-lateral shoulder/hip positions and bending angles were
calculated. Medial-lateral hip positions were significant and strongly correlated with ground
reaction force and knee moment asymmetries. A commercially available camera may be
used to capture the frontal plane motion as a low-cost and more convenient tool to monitor
bilateral kinetic asymmetries during double-leg squats in patients following ACLR.
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INTRODUCTION: The anterior cruciate ligament (ACL) injury is one of the most frequent
severe injuries in National Collegiate Athletic Association (NCAA) athletes (Kay et al., 2017).
ACL reconstruction (ACLR) and post-surgery rehabilitation are commonly performed to help
athletes return to preinjury sports levels and prevent secondary injuries. Bilateral vertical
ground reaction force (VGRF) and knee extension moment asymmetries are commonly
observed following ACL injury with increased loading to the non-injured leg during double-leg
squats (Clark et al., 2014). Such kinetic asymmetries have been identified as a risk factor for
ACL re-injury (Paterno et al., 2010). While it is imperative to identify and correct bilateral
asymmetries, the standard equipment to quantify bilateral kinetic asymmetries involved force
platforms and synchronized force and motion data with an inverse dynamic approach (Chan &
Sigward, 2020; Sigward et al., 2018). The logistics of equipment have restricted their
applications. Alternative assessments for quantifying kinetic asymmetries are needed. Efforts
have been made to predict knee moment asymmetries following ACLR. Previous studies
identified that shifting weight distribution in the medial-lateral and anterior-posterior directions
could affect the bilateral knee moment asymmetries (Chan & Sigward, 2020; Sigward et al.,
2018). As the upper body composed more than half of the body mass (de Leva, 1996) and two
feet were fixed to the ground during double-leg squats, the trunk movement became essential
in modulating the weight distribution. But whether the kinetic asymmetries could be predicted
from trunk movement patterns is still unknown. Jean and Chiu (Jean & Chiu, 2020) found that
improved knee extension moments have been observed when elevating the non-injured leg
and shifting the centre of mass (COM) towards the injured leg during squats following ACLR.
It supports the potential value of predicting bilateral kinetic asymmetries from trunk movements
in the medial-lateral direction during squats.
The purpose of the current study was to quantify the correlations between the medial-lateral
shoulder/hip positions and lateral bending angles in bilateral VGRF and knee moment
asymmetries during double-leg squats in collegiate athletes at 0-6 months (athletes during
rehabilitation) and 6-12 months (athletes were returned to sports) following ACLR. It was
hypothesized that medial-lateral shoulder/hip positions and lateral bending angles would be
strongly correlated with bilateral kinetic asymmetries at both assessments.
METHODS: Based on the coefficient of correlation from a previous study (Chan & Sigward,
2020), the coefficient of correlation of 0.7 is identified between the shoulder/hip kinematics and
bilateral kinetic asymmetries. A sample size of 11 was needed to achieve a power of 0.8 at a
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type-I error level of 0.05. Seventeen NCAA Division I collegiate athletes (≥ 18 years) who had
an ACLR in the past year participated in the study (age: 20.03 ± 1.29 years, height: 1.80 ± 0.12
m, mass: 82.28 ± 20.14 kg). Twelve of them performed both assessments (0-6 months and 612 months following ACLR). Three additional athletes only performed the first assessment,
while two additional athletes only performed the second assessment. Three double-leg squats
were performed approximately shoulder-width apart and shoulder-height hands parallel to the
ground. Participants squatted as deep as
possible and came back to the starting
posture with their preferred movement
speed (Sigward et al., 2018). Twenty-four
retroreflective markers were placed on the
bony landmarks. Synchronized force and
motion data were collected via a pair of force
platforms (4060; Bertec, Columbus, OH,
USA) and eight infrared cameras (Vicon
Motion Systems Ltd, UK).
The dependent variables were kinetic
asymmetries, including VGRF and knee
extension moment asymmetries, which were
calculated as follow: (non-injured leg injured leg) / (greater number of the two
Figure 1: Posterior view of the squat and
legs), with positive values indicating greater
independent variables
values on the non-injured leg (Dai et al.,
2020). The independent variables were kinematic asymmetries, including medial-lateral
shoulder/hip positions and lateral bending angles (Figure 1). The medial-lateral shoulder/hip
positions were calculated as the distance between the midpoint of the bilateral shoulders/hips
and the midpoint of the bilateral ankle centres projected in the global medial-lateral axis. This
distance was then normalized to half of the distance between the two ankle centres. The
shoulder/hip lateral bending angles were calculated between the shoulder/hip vectors and the
horizontal axis in the frontal plane. All variables were extracted at the lowest position of the
squat, defined by the mid-point of the two hips. Data reduction was performed using
subroutines developed in MATLAB 2017b (MathWorks, Inc., Natick, MA, USA).
Pearson correlation analyses were performed between dependent and independent variables
for both assessments. The Benjamini-Hochberg was applied to the Pearson correlation
analyses to control the study-wide false discovery rate at 0.05. Pearson correlation coefficients
were considered “weak,” (< 0.5) “moderate,” (0.5-0.8) or “strong” (> 0.8) (Cohen, 1988).
RESULTS: After the Benjamini-Hochberg adjustment for the false discovery rate, the p-values
not greater than 0.018 were considered as statistical significance. Shoulder position strongly
and significantly correlated with VGRF asymmetries at both assessments (Table 1). Hip
position strongly and significantly correlated with VGRF asymmetries and knee moment
asymmetries at both assessments (Figure 2). The regression lines nearly passed the origin for
VGRF asymmetries but had positive intercepts for knee moment asymmetries (Figure 2). No
significant correlations were observed for shoulder and hip lateral bending angles.
Table 1: Coefficient of correlation (p values) between kinetic and kinematic asymmetries at the
first and second assessments.

Asymmetrie
s
Vertical
Ground
Reaction
Force
Knee
Moment

Assessme
nts
First

Positions
Shoulder
Hip
0.85 (<0.001) 0.85 (<0.001)

Lateral Bending Angles
Shoulder
Hip
0.13 (0.66)
0.26 (0.35)

Second

0.68 (0.007)

0.72 (0.004)

-0.36 (0.21)

0.39 (0.17)

First
Second

0.58 (0.025)
0.34 (0.23)

0.85 (<0.001)
0.62 (0.018)

-0.02 (0.93)
-0.55 (0.043)

0.14 (0.61)
0.48 (0.08)
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Figure 2: Relationships between hip positions and bilateral ground reaction force and
knee moment asymmetries at first (left column) and second (right column)
assessments.
DISCUSSION: The results support the hypothesis that medial-lateral shoulder/hip positions
would strongly positively correlate with bilateral kinetic asymmetries during double-leg squats
in collegiate athletes at two assessments following ACLR. The results do not support the
hypothesis that shoulder/hip lateral bending angles correlated with bilateral kinetic
asymmetries at both assessments. Previous studies have shown that bilateral VGRF
asymmetries contributed to bilateral knee moment asymmetries during squats (Chan &
Sigward, 2020; Sigward et al., 2018). Double-leg squats involved relatively slow and balanced
movements. The COM was located closer to the side with greater VGRF and further away from
the side with less VGRF to result in minimal whole-body resultant moments in the medial-lateral
direction. The shifted COM toward the non-injured leg reflected the self-selected strategy to
unload the injured leg. The midpoint of the hips was likely located closer to the whole-body
COM than the shoulders. Moving the hips could more effectively shift the whole-body COM
since it would have a direct effect on the mass above the hips, which composed nearly 60% of
the whole-body mass (de Leva, 1996). As such, the hip positions demonstrated stronger
correlations with VGRF and knee moment asymmetries compared to shoulder positions.
Shoulder and hip lateral bending could also affect the whole-body COM, but these strategies
did not appear to be used based on the close to zero bending angles and a lack of significant
correlations. Lateral bending is more likely to be self-perceived and detected by rehabilitation
specialists than medial-lateral hip and shoulder movements. As such, participants might have
self-corrected or been instructed to maintain a straight trunk during squatting exercises. The
current results suggested that previous findings of increased knee moments for the injured leg
by elevating the non-injured leg during squats were likely due to the shifted hip and COM
toward the injured leg (Jean & Chiu, 2020). In summary, medial-lateral hip positions appeared
to be the most sensitive variable to correlate and predict VGRF and knee moment asymmetries
during double-leg squats in collegiate athletes following ACLR.
The intercepts of the regression lines to predict kinetic asymmetries from hip positions provided
further insight into the contributing factors to the kinetic asymmetries. For the VGRF asymmetry
predictions, the intercepts were nearly 0, suggesting balanced VGRF between the two legs
when the mid-point of the hips was right above the mid-point of the ankles. This close-to-zero
intercept again supported that the midpoint of the hips gave a good representation of the wholebody-COM. Furthermore, the predictions for knee moment asymmetries had positive
intercepts, indicating greater knee moments for the non-injured side despite symmetric VGRF.
Mechanically speaking, knee moments were primarily determined by the VGRF and the
perpendicular distance between the knee joint and the VGRF vector. Besides, COM and the
centre of pressure (COP) are closely aligned during slow and balanced movements (Caron et
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al., 2000). A more anteriorly located COP was likely to decrease the distance between the
VGRF and the knee but increase the distance between the knee and hip. Previous studies
have found that the injured leg had a more anterior COP and an increased hip-knee moment
ratio during squats (Chan & Sigward, 2020; Sigward et al., 2018). In addition to VGRF
asymmetries, the anterior-posterior COP location or hip-knee moment ratio was another
significant contributor to knee moment asymmetries. Consequently, patients could achieve
symmetric VGRF but still demonstrate asymmetric knee moments during double-leg squats
(Salem et al., 2003). In summary, while VGRF symmetries were expected with a neutral
medial-lateral hip position, knee moment asymmetries could still exist due to the shift of the
COP in the sagittal plane. Additional measurements such as the COP locations and sagittal
plane squat motion might be needed along with medial-lateral hip positions to accurately
predict 0% of knee moment asymmetries.
CONCLUSION: Medial-lateral hip positions could be used to predicted VGRF and knee
moment asymmetries. A commercially available camera can be used as a low-cost and
convenient tool to monitor bilateral kinetic asymmetries during double-leg squats following
ACLR. In addition, the mechanical relationships and consistent changes between hip positions
and kinetic asymmetries in the two assessments suggested that real-time feedback of the hip
positions might be used as a training strategy to restore kinetic symmetries. This feedback
could be provided visually by a screen or a mirror or verbally by the therapists and trainers
during double-leg squats.
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